Membraneless microfluidic fuel cells operated under two co-laminar flows often face serious fuel crossover problems, especially when flow rates are close to zero. In this study, we show that polyethylene glycol (PEG) monomers can be cross-linked inside microfluidic channels to form leak-free PEG membranes, which prevent mixing of two incompatible electrolyte solutions while allowing diffusion of certain molecules (e.g. glucose) and ions. By using PEG monomers of different molecular weights and cross-linking conditions, we are able to tailor selectivity of the membrane to allow passage of glucose while blocking larger molecules such as trypan blue. As a proof of principle, a microfluidic fuel cell with a PEG membrane and two incompatible electrolytes (acid and base) is demonstrated. Thanks to the leak-free nature of the PEG membrane, these two electrolytes do not mix together even at very slow flow rates. This microfluidic fuel cell is able to generate a voltage up to ∼450 mV from 10 mM of glucose with a flow rate of 20 μL min . This microfluidic fuel cell is potentially useful as a miniature power source for many applications.
Introduction
A microfluidic fuel cell is a device in which fuels and oxidants are reacted and converted to electrical energy. 1 Due to its small dimensions, a microfluidic fuel cell can be operated under a co-laminar regime in which fuels and oxidants flow as separated layers without any physical barriers between them. 2 Due to the lack of physical barriers such as membranes, internal resistance is low and mass transfer is fast in the microfluidic fuel cell. 3 Both factors make the microfluidic fuel cell perform much better than conventional fuel cells. However, fuel cross-over problem in the microfluidic fuel cell cannot be completely avoided. This problem becomes more serious when two electrolytes are incompatible (e.g. acid and base) or when the lateral diffusion is significant. 4 As a result, voltage and electric current drop significantly when electrolyte solutions are neutralized or fuels are oxidized on both electrodes. 5 In conventional fuel cells, a proton-exchange membrane (e.g. Nafion) is employed to separate fuels and oxidants. The membrane can be sandwiched between an anode and a cathode to separate fuels and oxidants. Meanwhile, the membrane also allows the passage of protons to complete the electric circuit. 6 However, Nafion is very hydrophobic and cannot be synthesized in situ. 7 In a microfluidic fuel cell, it is difficult to install a piece of pre-synthesized Nafion membrane inside a microchannel without leaking. Because of the challenges mentioned above, polyĲethylene glycol) (PEG) hydrogel was considered as an alternative membrane to replace Nafion membrane. An advantage of the PEG membrane is that it can be cross-linked in situ in a microfluidic channel by using UV lithography. After cross-linking, PEG membrane can absorb water and become ion-conductive. 8 Recently, PEG membrane draws much attention in biological and medical applications due to its water content and bio-compatibility. 9 It also shows selectivity to certain biomolecules, and the selectivity is tunable when monomers of different molecular weight are used. 10 For example, biological molecules including myoglobin, ovalbumin and albumin can be separated by using low-molecular-weight PEG membranes. 11 Some studies showed that PEG membrane with a pore size of ∼1 nm is only permeable to small molecules (MW < 1000) and prevents the passage of large molecules (MW > 30 000). [12] [13] [14] In this study, microfluidic fuel cells with two parallel channels (side-by-side) were employed to study the diffusion of fuel molecules under different flow rates. A transport model was also proposed to simulate the diffusion process inside the channel. Secondly, we investigated how to prepare a leak-free PEG membrane inside microfluidic fuel cells to separate incompatible electrolytes and prevent diffusion of fuels through the membrane. Parameters which affect the conductivity, selectivity and permeability of the PEG membrane were studied in details.
Experimental

Materials
Polyethylene glycol diacrylate monomers (Mn250, Mn575, Mn750), 2,2-dimethoxy-2-phenyl-acetophenone (photo initiator), horseradish peroxidase (HRP), glucose oxidase (GOx), 2,2′-azino-bisĲ3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) and glucose were purchased from Sigma-Aldrich (Singapore). Trypan blue solution (0.4 wt%, 0.2 μm filtered) and ethanol were purchased from Thermo Scientific (Singapore). Sodium hydroxide and hydrochloric acid were purchased from Merck (Singapore). All chemicals were used as received without further purification.
Construction of microfluidic fuel cells
A schematic diagram of the microfluidic fuel cell was shown in Fig. 1 . The main body of the fuel cell was made of three pieces (bottom, channel and top) of plastic films. The thickness of each film was approximately 1 mm. Patterns on the films were prepared by using a laser-cutting machine. Next, platinum electrodes (1 cm × 2 cm) were deposited on the bottom film for 6 min by using a sputtering machine (JEOL JFC-1300). The shape of the platinum electrodes was defined by using adhesive tapes to mask unwanted regions on the bottom film. After deposition of the electrodes, the tapes were removed, and the sample was cleaned by using ethanol and DI water. To assemble three pieces of plastic films together, a piece of double-sided tape was stuck on both sides of the channel film to glue them together to form a microfluidic fuel cell. In some cases, the plastic films were treated with oxygen plasma (Harrick Plasma PDC-32G) for 2 min to enhance adhesion of the films.
In situ formation of PEG hydrogel membranes
Two different PEG monomers (Mn250 and Mn575) were mixed together in 8 : 2 ratio to minimize swelling of PEG hydrogel. To cross-link PEG monomers, some photoinitiator (2.5% w/v) was mixed with the PEG monomer solution. After that, the PEG monomer solution was cured by using a UV lamp (365 nm, Spectroline ENF-260C) under a photomask with a desired pattern for 15 s. Unreacted PEG monomer solution was removed by using ethanol and DI water. The PEG membrane formed inside the microchannel was dried with nitrogen gas before use.
Operation of microfluidic fuel cells
Both electrolyte solutions were delivered into the microfluidic fuel cell with a syringe pump (PhD Ultra, Harvard, U.S.A). Inlets and outlets of the microfluidic fuel cell were connected to plastic tubing (EW-06406-60 FEP tubing from Cole-Parmer, U.S.A) through a chip-holder system (SIMTECH, Singapore). To avoid creating a significant pressure drop in microfluidic channels, one syringe pump was connected to the inlet and another syringe pump was connected to the outlet. The former was operated in the "infuse" mode whereas the latter was operated in the "withdraw" mode. The pressure inside the fuel cell was not altered when the same amount of solutions was infused and withdrawn at the same rate. Typical flow rates used in these studies were ranged from 0.5 μL min −1 to 20 μL min −1 . In these studies, NaOH and HCl were used as electrolytes for anode and cathode, respectively. Fuels were either trypan blue or glucose in the NaOH solution.
Measurement of open circuit voltages (OCV) and loading voltage (LV)
To measure open circuit voltages of microfluidic fuel cells, copper wires were connected to the platinum electrodes by using conductive adhesion tapes. The open circuit voltage of the fuel cell was measured by using a high impedance voltmeter (eDAQ, U.S.A). The electrodes of the fuel cell were connected to the working and reference leads of the system. OCV at different times were recorded by using Chart and Scope software. To improve the accuracy of measurements, a low-pass filter was used to filter noises and highfrequency components of the signal. The loading voltage (LV) was measured by connecting a loading resistor (RL) to the fuel cell.
Detection of glucose
Glucose was detected by using two enzymes, HRP and GOx, following two enzymatic reactions shown below: An aqueous solution containing 1 μg mL −1 of HRP, 200 μg mL −1 of GOx and 5 mg mL −1 of substrate ABTS was injected into the microfluidic channel and incubated for 2 h. In the presence of glucose, the color of the solution will be changed to green due to the presence of ABTS*.
Results and discussion
Simulation of glucose diffusion through the membrane
A schematic diagram of the microfluidic fuel cell was shown in Fig. 2A . The diffusions of glucose in two microfluidic channels are governed by the following equations:
where C 1 and C 2 are the concentration of glucose in the anode and cathode compartments, respectively. D is the diffusion coefficient of glucose (6.7 × 10 −6 cm 2 s −1 ), v is the flow velocity. In the presence of a membrane, the following boundary conditions must be satisfied:
where D m are the diffusion coefficient of glucose in the membrane, W m is the thickness of the membrane.
Under an open-circuit condition, there is no electric current. Thus, the following boundary conditions must be satisfied at y = W and y = −W, From the figures, we found that the width of the diffusion zone decreased when a higher flow rate was applied to both channels. For the membrane with a small permeability, glucose diffused to the cathode channel can be easily flushed away at high flow rate. The result shows that the membrane can significantly improve the fuel crossover problem.
In situ formation of PEG hydrogel membrane
To study behaviors of PEG hydrogel membrane, three PEG monomers of different molecular weights (Mn250, Mn575, and Mn700) were used to prepare three kinds of PEG membranes (PEG250, PEG575 and PEG700) for testing. For all monomer solutions, 2.5% (w/v) of photoinitiator was added to allow cross-linking of monomers with UV radiation. After exposure of PEG monomer solutions to UV for 15 s, PEG membranes were formed as shown in Fig. 3A . All PEG membranes were incubated in water for 1 day, and the degree of swelling was evaluated by measuring the length of each membrane. For PEG250 membrane, there was no change in its length, suggesting that PEG250 did not swell. This is because monomers of low molecular weights led to a very dense polymer matrix which did not adsorb water. Therefore, the conductivity of the PEG250 membrane was nearly zero, meaning that this type of membrane is not suitable for constructing fuel cells. In contrast, after incubation in water, the length of PEG575 and PEG700 membranes increased by 15% and 20%, respectively. Meanwhile, conductivities of both membranes increased to 0.071 μS and 0.076 μS, respectively. The results show that the degree of swelling and conductivity increased with increasing molecular weights of PEG monomers. 10 This is probably because the PEG membrane formed by larger monomers is able to absorb more water and ions. The results also show that the conductivity can be tuned by using different monomers. Even though a high conductivity is desired, swelling posed a serious problem after the membrane was fixed inside the membrane and deformed after 2 h. The deformation caused leaking of fuels and electrolytes.
To balance conductivity and degree of swelling, Mn250 and Mn575 monomers were mixed together in different ratios (6 : 4, 7 : 3 and 8 : 2) to tune the properties of PEG membranes. Among three membranes, the first two (6 : 4 and 7 : 3) still showed swelling and led to deformation of the membrane. The last sample (8 : 2) offered reasonable conductivity yet there was no obvious swelling problem as shown in Fig. 3D and E. Therefore, this mixing ratio (Mn250 : Mn575 = 8 : 2) was chosen to prepare PEG membranes inside microfluidic fuel cells in the following study. To prevent buckling of PEG membrane when it swelled slightly, two buffering slits were designed at both ends to allow slight expansion of the PEG membrane as shown in Fig. 1B . They also provided mechanical support for the membrane.
Microfluidic fuel cell with PEG membrane
To test the performance of the microfluidic fuel cell with PEG membrane, we first chose trypan blue (MW = 872.88 g mol −1 ) as a fuel for three reasons. Firstly, trypan blue is an azo dye and has a strong blue color, which allowed us to track lateral diffusion of trypan blue across the membrane in real time. Secondly, trypan blue can be oxidized on a platinum electrode to release electrons. Finally, trypan blue is a neutral molecule such that it does not adsorb on a charged surface. Optical images and open circuit voltages (OCV) of the microfluidic fuel cell were used to evaluate the diffusion of trypan blue across the PEG membrane. As shown in Fig. 4A , the initial OCV was ∼550 mV, and there was no decrease in the OCV even after 2 h. Spatial distribution of the blue color indicated that trypan blue was confined to the anode side. Both results revealed that trypan blue could not diffuse through the PEG membrane to the cathode. Therefore, the fuel cross-over problem was successfully prevented by using the PEG membrane in the microfluidic fuel cell. Next, trypan blue was replaced by glucose, a more commonly used fuel, for testing. In this case, since glucose is colorless, OCV was used to monitor the diffusion of glucose through the PEG membrane. The OCV in the glucose fuel cell as a function of time over 2 h was shown in Fig. 4B . It can be seen that the initial OCV was ∼390 mV, and then the OCV decreased slowly with time to ∼120 mV after 2 h. Based on the observation, we proposed that the decrease in OCV was due to slow diffusion of glucose through the PEG membrane into the cathode compartment. Because anode and cathodes were both platinum electrodes, presence of glucose in both compartments unavoidably decreased chemical potential of glucose and decreased OCV. To further confirm that glucose indeed diffused across the membrane into the cathode, a colorimetric assay was employed to detect glucose in the cathode compartment. Green color in Fig. 3F and G showed that glucose was present in the cathode compartment after 2 h of incubation. These results, when combined, strongly suggest that glucose was able to diffuse through the PEG membrane over a period of 2 h. In the literature, it has been shown that certain small molecules can pass through the PEG membrane by diffusion. 16 In our case, the (8 : 2) PEG membrane used in the microfluidic fuel cell only allowed the diffusion of smaller glucose through the membrane while blocking larger molecules such as trypan blue. However, we noted that even though glucose could diffuse through the membrane, it only happened at a very slow diffusion rate. After 1 h, the OCV only dropped from ∼390 mV to ∼240 mV. In contrast, in the absence of a membrane, the OCV dropped to zero within a few minutes. These results suggest that the PEG membrane formed a good barrier to slow down the diffusion of glucose.
To completely prevent the decreasing OCV in the microfluidic fuel cell, a possible solution is to increase the flow rates of electrolyte solutions such that glucose diffused to the cathode compartment can be removed by the convective flow continuously. To test this hypothesis, the fuel cell was connected to a syringe pump for delivering electrolyte solutions at certain flow rates. The flow rates of fuel and oxidant were increased from 0.5 μL min −1 to 20 μL min −1 after a few hours. As shown in Fig. 5 , for trypan blue, the OCV did not change before and after the flow was turned on. This result was expected because trypan blue did not diffuse to the cathode compartment such that flushing the cathode compartment had no effect on the OCV. In the case of glucose, the OCV dropped from 390 mV to 120 mV after 6 h when there was no flow in the cathode compartment. However, after the flow rate in the cathode was increased to 20 μL min −1 , the OCV was restored to the original values within a few minutes. These results suggest that a flow rate of 20 μL min −1 was sufficient to remove all glucose in the cathode compartment. For further testing the effect of flow rate on OCV, different flow rates (between 0.5 μL min −1 and 20 μL min −1 ) were used to deliver electrolyte solutions and the results were shown in Fig. 6 . When flow rate was lower than 10 μL min −1 , the OCV was lower than 450 mV, suggesting that glucose diffused to the cathode compartment could not be completely removed by the convective flows. However, when the flow rates of both electrolyte solutions were increased to 20 μL min −1 , the OCV was restored to 450 mV. Therefore, it can be concluded that 20 μL min −1 was the minimal flow rate required to flush out all glucose in the cathode compartment. Under this condition, the microfluidic fuel cell was able to generate an OCV of 450 mV from 10 mM of glucose. This result shows that the fuel cross-over problem in microfluidic fuel cells can be completely prevented by combining the use of the leakfree PEG membranes and convective flows at 20 μL min −1 .
To characterize the performance of the fuel cell, loading voltage (LV) and internal resistance (R INT ) of the fuel cell were measured as a function of flow rates, as shown in Fig. 7 . With 10 mM of glucose and a flow rate of 20 μL min −1 , LV was 240 mV and R INT was 0.9 MΩ. In contrast, when the flow rate was 0.5 μL min −1 , the LV was 170 mV and R INT was 1.45 MΩ. Moreover, higher LV was observed with increasing glucose concentration. For example, 300 mV and 320 mV can be generated by using 50 mM and 100 mM of glucose fuel, respectively. Reduction of R INT was due to the increase of fuel concentration and mass transfer. The power of the fuel cell as a function of the electric current was shown in Fig. 8 . The power of the fuel cell depends on the flow rates. For example, the power increased from ∼0.03 μW to ∼0.06 μW when the flow rate was increased to 20 μL min −1 . Since the internal resistance of the fuel cell in our system was limited by the conductivity of the PEG membrane, better performance could be achieved if a PEG membrane with higher conductivity and molecular selectivity can be used. 17 Both properties can be tuned by using PEG monomers of different molecular weights. Moreover, the performance of the fuel cell can be greatly affected by the oxidation efficiency of the electrode for the glucose, 18 better fuel cell can be achieved by choosing higher concentration of electrolytes and other electrode materials, such as nanoparticle supported electrode, 19 and carbon-enzymatic electrodes. 20 
Conclusions
In situ formation of PEG hydrogel membranes for fuel separation in microfluidic fuel cells was proposed and demonstrated. By tuning the molecular weight of PEG monomers and mixing ratio, the swelling problem of PEG membrane was minimized. The best PEG membrane tested in this study completely blocked the diffusion of trypan blue and reduced the diffusion of glucose significantly. The fuel cross-over problem for glucose can be further improved by using a continuous flow of both electrolyte solutions at 20 μL min −1 . μL min −1 (cyan) and 20 μL min −1 (magenta).
